Zebrafish heart regeneration relies on the capacity of cardiomyocytes to proliferate upon injury. To understand the principles of this process after cryoinjury-induced myocardial infarction, we established a spatio-temporal map of mitotic cardiomyocytes and their differentiation dynamics. Immunodetection of phosphohistone H3 and embryonic ventricular heavy chain myosin highlighted two distinct regenerative processes during the early phase of regeneration. The injury-abutting zone comprises a population of cardiac cells that reactivates the expression of embryo-specific sarcomeric proteins and it displays a 10-fold higher mitotic activity in comparison to the injury-remote zone. The undifferentiated cardiomyocytes resemble a blastema-like structure between the original and wound tissues. They integrate with the fibrotic tissue through the fibronectin-tenascin C extracellular matrix, and with the mature cardiomyocytes through upregulation of the tight junction marker, connexin 43. During the advanced regenerative phase, the population of undifferentiated cardiomyocytes disperses within the regenerating myocardium and it is not detected after the termination of regeneration. Although the blastema represents a transient landmark of the regenerating ventricle, the remaining mature myocardium also displays an enhanced mitotic index when compared to uninjured hearts. This suggests an unexpected contribution of a global proliferative activity to restore the impaired cardiac function. Based on these findings, we propose a new model of zebrafish heart regeneration that involves a combination of blastema-dependent epimorphosis and a compensatory organ-wide response.
Introduction
In mammals, the mitotic activity of cardiac muscle cells expires shortly after birth. Despite this postnatal switch from hyperplastic to hypertrophic growth, it is well accepted that adult cardiomyocytes (CMs) retain the ability to re-enter the cell cycle under various pathological and physiological conditions (Beltrami et al., 2001; Bergmann et al., 2009; Soonpaa and Field, 1998; Soonpaa et al., 2013) . Recent findings have demonstrated that adult mammalian CMs can undergo partial dedifferentiation in order to cope with different pathological situations (Kubin et al., 2011; Rajabi et al., 2007; Taegtmeyer et al., 2010) . CMs dedifferentiation provides the cellular plasticity to promote adaptive cardiac remodeling and to enhance survival under hypoxic conditions (Szibor et al., 2014) . Nevertheless, these responses are insufficient to allow mammalian heart regeneration after acute myocardial infarction leading to defective healing with replacement of the dead myocardium with a collagen-rich scar. A growing ambition in the field of regenerative research is to boost a latent proliferative ability of CMs to stimulate heart regeneration in mammals. This concept has been largely inspired by the extraordinary cardiac regenerative capacity of non-mammalian vertebrates, such as amphibians or teleost fish (Ausoni and Sartore, 2009; Major and Poss, 2007; Singh et al., 2010; Yelon, 2012) .
Zebrafish CMs remain responsive to mitogenic signals throughout their entire life (Kikuchi and Poss, 2012) . This feature allows the zebrafish complete regeneration of functional heart tissue after ventricular injury. Indeed, a mutation of a mitotic checkpoint kinase mps1 blocks cardiac restoration and it results in scarring (Poss et al., 2002) . Recent studies using genetic fate-mapping experiments provided clear evidence that the new myocardium originates from the pre-existing CMs, which undergo dedifferentiation, re-enter the Contents lists available at ScienceDirect journal homepage: www.elsevier.com/locate/developmentalbiology cell cycle and ingrow into the area of the wound (Curado and Stainier, 2006; Kikuchi et al., 2010; Lepilina et al., 2006; Poss, 2007; Zhang et al., 2013) . This plasticity of CMs has been located at the vicinity of the injury, suggesting the presence of a cardiogenic environment generated by the trauma (Lepilina et al., 2006) . The regenerative contribution of the remaining myocardial wall, which is located distantly from the site of injury, still needs to be analyzed.
In vertebrates, two exclusive categories of reparative organ regeneration have been proposed, namely compensatory and epimorphic regeneration (Brockes and Kumar, 2008; Carlson, 2007) . One of the significant differences between both processes is that in the compensatory mode, the proliferative response occurs throughout the remaining organ, whereas in epimorphosis, it is confined to the vicinity of the wound. The compensatory regeneration typically results in a regaining of functional mass, rather than a shape reproduction. A classic example of the compensatory regeneration has been reported for the mammalian liver, in which the remaining hepatic tissue enlarges, but the original parts do not grow back (Carlson, 2007) . On the other hand, the hallmark of the epimorphic regeneration is an accurate reconstruction of the amputated structures without an enlargement of the organ remnant. Some distinctive examples of this mode of regeneration are urodele limbs and zebrafish fins, in which the growth of the new parts starts at the level of the amputation plane by the creation of a proliferative population of undifferentiated cells, called a blastema, underneath the wound epidermis (Brockes and Kumar, 2008) . Similarly, the studies of the zebrafish ventricle resection model have suggested an epimorphic-like mode of heart regeneration (Lepilina et al., 2006) . In this perspective, the activation of the epi-endocardium resembles the role of the wound epidermis during limb or fin regeneration. Indeed, shortly after the ventricular damage, epithelial and endocardial cells become active and proliferate. Moreover, these cells specifically communicate with CMs through different signaling pathways, such as FGF or retinoic acid (Kikuchi et al., 2011) .
Our laboratory and others have previously developed a cryoinjury model in the zebrafish heart, which is characterized by enhanced cell proliferation, transient fibrosis and complete regeneration within one to two months (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011) . However, unlike the amputation model, the immediate effects of cryoinjury simulate the cellular outcomes of mammalian myocardial infarction, such as massive cell death, inflammation, and scar deposition. Although the zebrafish cryoinfarction is of a particular value from the perspective of regenerative medicine, it has not yet been addressed whether the associated regenerative success occurs by epimorphic or/and compensatory responses. Moreover, several important questions concerning the role of cellular proliferation during this process remain open, such as (1) what types of cells are dividing, (2) where do the proliferation takes places, (3) what triggers the cell-cycle entry and (4) what is the ultimate contribution of the newly generated cells in the regenerated organ. Finally, a detailed analysis of the extent and importance of cellular dedifferentiation during the proliferative activity of CMs is still missing. Although the presence of a complex sarcomeric network could physically hamper the cytokinesis process (Jopling et al., 2011) , it seems that it does not completely exclude a cell division activity in CMs (Engel, 2005; Laube et al., 2006; Zebrowski and Engel, 2013) .
In zebrafish, most of the assessments of CM proliferation have been based on immunofluorescence analysis using G1/S phase markers. However, cell cycle re-entry can have several downstream consequences that are not necessary mitosis but also polyploidization and eventually binucleation, which are well-documented outcomes in the mammalian heart (Zebrowski and Engel, 2013) . Although mitotic events have been observed in the initial study of zebrafish heart regeneration (Ahuja et al., 2007; Poss et al., 2002) , the dynamic distribution of mitotic CMs has not yet been analyzed at the high-resolution after ventricular damage in zebrafish. Quantification of M-phase events is essential to determine a spatio-temporal dimension of proliferating CMs in order to distinguish between the local epimorphic and global compensatory stimulation of heart regeneration. The detailed characterization of the regenerative patterns is needed to recognize potentially distinct regulatory mechanisms that activate cardiac responses to injury.
In this study, we set out to establish a map of proliferating CMs during the main stages of ventricular regeneration. Using several distinct proliferation markers, we could assess both the cell cycle reentry (G1/S phase) and the mitotic index (a transition to M-phase) of the same specimens. In addition, we monitored the level of CM differentiation through a detection of the embryo-specific myosin expression. These analyses identified a transient population of wound-associated undifferentiated CMs, which resemble a cardiac blastema. Although cellular proliferation was the highest in the cardiac blastema, we observed an enhanced global induction of cell division within the entire myocardium, suggesting a compensatory response of the heart. In the myocardium beyond the blastema, the mitotic activity of CMs occurred without a reactivation of the embryonic myosin gene. Thus, the mature zebrafish CMs do not require a gross modification of their structural differentiation status in order to enter the cell cycle. According to these new data, we propose that heart regeneration in zebrafish is achieved by a dual mechanism involving an initially formed population of immature cardiac blastema cells in parallel to proliferating mature CMs. Integration of both regeneration modes (epimorphic and compensatory) ensures an efficient functional recovery of this life-essential organ after injury.
Results

Assessment of the G1/S-phase and mitotic activities of cardiomyocytes during heart regeneration
One of the suitable markers of G1/S-phases is represented by Minichromosome Maintenance Complex Component 5 (MCM5), a protein that serves to unwind DNA during replication and to regulate centrosome duplication in eukaryotic cells (Knockleby and Lee, 2010) . Using this marker, we have already demonstrated that cardiomyocyte (CM) cell-cycle entry is highly enhanced during heart regeneration after cryoinjury (Chablais and Jazwinska, 2012b; Chablais et al., 2011) . However, the mitotic index in the regenerating zebrafish heart has not yet been determined. Here, to examine mitotic CMs, we used antibodies against phospho-(Ser10)-histone H3 (PH3), which demarcates condensed chromosomes (Hans and Dimitrov, 2001 ). Both proliferation markers, MCM5 and PH3, do not co-localize, because they are specific for the non-overlapping phases of the cell cycle. We first set out to provide a high resolution imaging of PH3 immunostaining during heart regeneration of the transgenic fish expressing EGFP under the control of cardiac specific promoter cmlc2. To detect EGFP in the nuclei of CMs, we immunostained the sections with anti-GFP antibody. The co-localization between the cardiac EGFP and PH3 signals was validated using the orthogonal projections ( Fig. 1G-I) . Remarkably, the pattern of PH3 immunostaining was often fragmented within the cell, indicating a segregation of condensed chromosomes during the nuclear division ( Fig. 1C  and F) . To further validate the mitotic process in CMs, we visualized a centrosome marker γ-tubulin, which is normally enriched in the spindle apparatus during mitosis (Kollman et al., 2011; LajoieMazenc et al., 1994) . As expected, the PH3-positive CMs exhibited a strongly upregulated γ-tubulin expression (Suppl. Fig. 1 ). The partial co-localization of both markers indicates that the condensed chromosomes interact with the spindle apparatus. Collectively, these analyses provide high-resolution imaging of mitotic markers in adult zebrafish CMs in vivo.
To determine the rate of proliferating cells, we performed quadruple staining with DAPI, anti-GFP antibody (to enhance the endogenous cmlc2::EGFP in the cardiac nuclei), MCM5 and PH3 during the subsequent regenerative phases as compared to control uninjured hearts. The nuclei of CMs were distinguished from non-CMs by the presence of anti-GFP and DAPI staining (Fig. 1F) . In both cell types, G1/S phase and mitosis were detected by MCM5 or PH3 immunostaining, respectively. In order to obtain convincing statistical data, we imaged and analyzed multiple non-adjacent sections of at least 5 hearts per time point, which resulted in a total score of approx. 150,000 CMs in each group (Table 1) . The regenerative process is manifested by the replacement of the fibrotic tissue with a new myocardium, and consequently a decrease of the infarcted area relative to the entire ventricle (Chablais et al., 2011; Gonzalez-Rosa et al., 2011; Schnabel et al., 2011) . At the onset of regeneration at 7 dpci, an average infarct size was 2977% of the ventricle sections (Table 1 ; Column: post-infarcted area). During the progression phase at 17 dpci, the fibrotic area was diminished to 976.5% of the ventricle, and it was nearly completely resolved at 30 dpci (Table 1) . This efficient regenerative process was associated with a remarkable proliferative activity of CMs, as compared to the uninjured ventricles that contained approx. 1% of MCM5-positive CMs and 0.01% of PH3-positive CMs ( Fig. 1A-C ; Fig. 2A and C) . Although the value of 0.01% appears very low, the identification of a few mitotic CMs in the intact tissue suggests that the adult zebrafish ventricle undergoes a slow homeostatic tissue turnover under normal conditions.
As expected, the regeneration process was characterized by enhanced CM proliferation. At 7 dpci, nearly 12% of CMs were labeled with MCM5 and 0.04% of CMs displayed PH3-immunostaining ( Fig. 2A and C) . During the progression phase at 17 dpci, the number of MCM5-positive CMs declined by a half in comparison to the initiation phase (nearly 6%), and the number of PH3-positive cells slightly decreased (0.03%) ( Fig. 2A and C) . During the termination phase at 30 dpci, mitotic events declined to the uninjured control level, although the number of MCM5-positive CMs remained significantly higher than in uninjured heart ( Fig. 2A and C) . Thus, the dynamics of CM proliferation correlated with the progressive replacement of fibrotic tissue (Table 1) .
anti-GFP PH3 DAPI anti-GFP PH3 PH3 DAPI Although CM proliferation was the main focus of our study, we also analyzed the mitotic response of non-cardiomyocytes (non-CMs) that are present in the heart. As expected, we detected enhanced cell division of non-CMs during heart regeneration, especially in the cryoinjured area ( Table 1 ). This indicates a rapid proliferation of non-cardiac cells that are most likely involved in repair of the damaged area.
The co-labeling with MCM5 and PH3 allows evaluating the relative duration and the incidence frequency of the G1/S phases and mitosis in the same specimens. Accordingly, we evaluated the proportion of PH3-positive cells among all proliferating cells (PH3-positive and MCM5-positive cells) in both CM and non-CM cell populations. The obtained values were very low, ranging from 0.004 to 0.016, indicating that the mitosis was detected from 60-to 250-times less frequently than the G1/S phases (Fig. 2E ). For non-CMs, a similar ratio of mitosis among the cycling cells was maintained in the uninjured and regenerating heart. By contrast, the CMs of the injured hearts exhibited different cycling characteristics than the CMs of control hearts. Surprisingly, the highest fraction of PH3-positive CMs was observed in uninjured hearts (0.013%), and this value dropped by 3-folds in the regenerating hearts at 7 and 30 dpci, or by nearly 2-folds at 17 dpci (Fig. 2E) . Thus, the regenerating hearts contained a fraction of CMs that enter the cell cycle but do not complete the transition into the Mphase. This finding suggests a difference in the regulation of the cell cycle between the homeostatic conditions and the injurytriggered regeneration.
Mapping of mitotic CMs suggests epimorphic and compensatory mode of heart regeneration
To determine the spatial distribution of all individual dividing CMs during heart regeneration, we measured and plotted the shortest distance from each of the PH3-positive cardiac cell relative to the injury border ( Fig. 3A and B) . During the initiation phase at 7 dpci, the frequency of mitosis in the myocardium displayed a graded distribution, in which the area between 0 and 100 μm from the cryoinjury border encompassed 50% of the total number of PH3-positive CMs, the area from 100 to 200 μm contained 20% of these cells, and the remaining myocardium from 200 to 1000 μm comprised only 30% ( Fig. 3C and D) . This gradient indicates that the majority of all mitotic CMs are located at the vicinity of the wounded area, suggesting an influence of local injury-dependent mitogenic factors. However, beyond this area, the remaining myocardium contained evenly dispersed proliferating CMs, and no graded distribution from the injury border has been observed ( Fig. 3B and D) .
Thus, the distance of approximately 100-200 μm from the border represents a landmark between the injury-associated highly proliferative zone and the original myocardium with lower and constant CM proliferation. Importantly, such a landmark was not detected during the progression phase at 17 dpci. The PH3-positive cells were nearly evenly spaced within the entire myocardium respectively to the injury boundary (Fig. 3B) . Thus, the graphical representation of the spatial distribution of mitotic CMs revealed an unexpected difference between hearts at 7 and 17 dpci. Based on this plot, we concluded that the proximity of the injury zone enhances the rate of CM mitosis during the initial phase of regeneration, but not during the progression phase. Moreover, the dispersed distribution of PH3-positive CMs within the original myocardium at both time points suggests a contribution of systemic factors in stimulation of CM proliferation during heart regeneration.
To further determine the mode of CM proliferation, we labeled DNA-replicating cells with BrdU during 3 weeks starting at 7 dpci until 30 dpci of transgenic fish expressing nuclear DsRed under cmlc2 promoter. This period corresponds to the post-inflammatory/wound healing phase, when the infarcted area becomes rapidly replaced with the new myocardium. At 30 dpci, the position of the original wound is not histologically recognizable due to the efficient integration of the Table 1 Numbers of PH3-and of MCM5-positive cells among cardiomyocyte and non-cardiomyocyte populations of uninjured hearts and at different phases of regeneration. H, the heart from one fish; dpci, days post cryoinjury.
Days post cryo-injury
Heart (♯ of sections)
Cardiomyocytes
Non-cardiomyocyte cells Post-infarcted area regenerate with the original tissue. Nevertheless, we inferred the position of the new myocardium based on the abundant BrdU labeling ( Fig. 4C and D) . We quantified the BrdU-positive cardiac nuclei in the regenerated myocardium (Reg My) and in the subsequent 100 μm-wide zones of the original myocardium (Ori My; Fig. 4F ). We found that the majority (approx. 65%) of CMs located in the regenerated myocardium were BrdU-positive, supporting a notion that new cardiac tissue derives from newly generated cells. In the adjacent myocardial region (0-100 μm from the Reg My), we detected 30% of BrdU-labeled CMs. However, beyond this zone, all remaining subregions displayed approx. 10% of BrdU-containing CMs, demonstrating an even distribution of DNA-synthesizing cardiac cells within the original myocardium (Fig. 4F) . Importantly, the fraction of the BrdU-labeled cells in the original ventricle was 2.8-fold higher than in uninjured hearts, which contained only 3.7% of BrdU-labeled CMs (Fig. 4A, E original intact myocardium (the zones between 200-500 μm) suggests the presence of a systemic compensatory mode of heart regeneration, which acts in addition to the local injury-dependent mechanism.
The reactivation of embryonic cardiac sarcomeric proteins demarcates a highly proliferative cardiac blastema at the initial stage of heart regeneration Previous studies have reported the downregulation of the cmlc2 reporter and the partial loss of sarcomeric structures at the edge of myocardium close to the amputation plane of the resected ventricle (Jopling et al., 2010; Lepilina et al., 2006) . Although these findings suggested the existence of undifferentiated CMs that resembled a blastema, the concept was not further reinforced with additional molecular evidence of an undifferentiated state of CMs underneath the wound. Here, to determine whether heart regeneration in zebrafish involves formation of immature CMs, we screened for antibodies that react with the early embryonic ventricle but not with the adult heart. We identified that such reactivity has a monoclonal antibody N2.261, which was raised against a mammalian neonatal muscle, and which binds the N-terminal end of slow In the embryo at 1 dpf, N2.261 co-localized with all cmlc2::EGFP, cmlc2::DsRed2-Nuc positive cells (Suppl. Fig. 2A and B) . At 3 dpf, the immunoreactivity was detected in the embryonic ventricle but not the atrium (Suppl. Fig. 2C and D) . During the larval stage at 12 dpf, the antigen of N2.261 was no longer expressed in the outer compact cell layer of the myocardium, but it was present in a subset of CMs in the central trabecular part of the ventricle (Suppl. Fig. 2E and F) . This developmental switch of the N2.261 reactivity from the outer to inner layer of the ventricular wall reveals a migratory nature of the early embryonic CMs, which are known to delaminate from the primordial compact layer to establish the central trabecular myocardium of the zebrafish larval heart (Liu et al., 2010) . This spatiotemporal dynamics support the notion that the N2.261-positive cells possess a morphogenetic plasticity that contributes to the pattern formation of the developing myocardium. In the juvenile fish at 30 dpf, the ventricle did not express the antigen of N2.261, although some of the skeletal muscles remained strongly labeled with this antibody, providing an internal positive The border between the regenerated myocardium (reg My) and the original myocardium (ori My) can be identified by the difference in the BrdU incorporation (green). The region with abundant BrdU-labeling corresponds to the regenerated myocardium (encircled by a white dotted line). The most adjacent zone at 100 μm from this area is indicated with dashed line. Scale bar (A, B') ¼100 μm.
(E) Quantification of BrdU-positive CMs in the entire regenerated heart at 30 dpci and in the uninjured control. (F) Quantification of BrdU-positive CMs in the reg My and in the 100 μm subregions of the ori My compared to uninjured heart. All results are expressed as the mean 7 standard error of the mean (S.E.M.) (nZ 5 hearts; 3-5 sections per heart; nnnn P-value o 0.0001).
control for the immunostaining procedure (Suppl. Fig. 2G and H) . Thus, N2.261 antibody is specific for an early embryonic sarcomeric protein that becomes down regulated in the larval heart after a transition from the compact to the trabecular layer of the ventricular wall. We concluded that the antigen of N2.261 represents a structural marker of the embryonic undifferentiated CMs that have the migratory and developmental competences for heart morphogenesis. Based on this spatio-temporal analysis, we subsequently refer the corresponding antigen of N2.261 as embryonic cardiac myosin heavy chain (embCMHC) and we define the N2.261-positive CMs as cardiac undifferentiated cells. To investigate whether the heart regeneration involves reactivation of embCMHC, we performed N2.261 antibody staining of hearts from the cmlc2::EGFP transgenic fish at 4, 7, 10, 17 and 30 dpci. At 4 dpci, a few embCMHC-positive cardiac fibers were detected at the injury border within a distance of up to 100 μm from the postinfarcted tissue (Fig. 5A ). This localized expression pattern became more evident at 7 and 10 dpci ( Fig. 5B and C) . No embCMHC expression was observed in the original myocardium located beyond this leading-edge zone. Importantly, the N2.261-positive cells displayed lower levels of cmlc2::EGFP expression in comparison to the remaining myocardium ( Fig. 5B and C) , which is reminiscent of the study reporting an apical blastema after ventricular resections (Lepilina et al., 2006) . In this regard, we tested the expression of embCMHC in the hearts after ventricular apex amputation, which is the classical injury model (Poss et al., 2002) . Analysis of hearts at 7 dpa (days post amputation) revealed the presence of embCMHCpositive in a cluster-like domain along the wound margin (Suppl. Fig. 3 ). We concluded that at the onset of regeneration, irrespectively of the injury model, a pool of undifferentiated cardiac cells is established between the wound tissue and the remaining heart muscle.
During the progression phase at 17 dpci, the embCMHC-positive fibers lost their initial homogenous alignment along the injury margin, and they intermingled with the mature cardiac tissue of the regenerating myocardium (Fig. 5D) . Thus, the transition from the early to advanced regeneration stage involves a reorganization of cardiac undifferentiated cells from the original distinct population at the leading edge to a more dispersed pattern that mixes with mature muscle fibers. This indicates an efficient integration of the undifferentiated CMs in the mass of the regenerating ventricle during the replacement of the fibrotic tissue. At 30 dpci, N2.261-reactivity was nearly absent, it could only be observed in a few remnant fibers (Fig. 5E ). Taken together, these data suggest that the undifferentiated CMs are generated at the leading edge of the dedifferentiating adult myocardium during the initial phase of heart regeneration, and they provide a source of new mature CMs during progressive scar replacement. This spatio-temporal pattern of undifferentiated cardiac cells suggests a role of diffusible factors from the injury area during the upregulation of embCMHC in the adult ventricle after infarction. The creation of undifferentiated CMs at the interface between the adult original and infarcted tissues support a previously proposed concept of a cardiac blastema in zebrafish heart regeneration (Lepilina et al., 2006) .
One of the key features of the blastema is the localized assembly of undifferentiated cells between the stump and wound tissue. To accurately determine the position of embCMHC-positive cells relative to the fibrotic tissue, we visualized the infarction zone at 7 dpci using antibodies against Fibronectin and Tenascin C (Chablais and Jazwinska, 2012b) . The immunostaining revealed that the undifferentiated CMs were aligned along the extracellular matrix (ECM) fibers of the post-infarcted area (Fig. 6A-D) . The relative expression pattern of both matrix proteins and embCMHC suggests that the juxtaposition of the fibrotic tissue with the adult myocardium could be a prerequisite for an activation of the embryonic cardiac genes in the cells along the wound plane.
To determine whether the undifferentiated CMs remain functionally integrated with the intact myocardium, we visualized the tight junctions using Connexin 43 as a marker. The immunostaining of heart sections at 7 dpci demonstrated a strong upregulation of Connexin 43 in the embCMHC-positive cells and in the adjacent embCMHC-negative CMs (Fig. 6E and F) . This enhanced expression of a tight junction protein suggests a functional integration between undifferentiated and mature CMs in the cardiac blastema.
The blastema cells are typically highly proliferative. To determine the proliferation rate of undifferentiated and mature CMs in the regenerating hearts, we scored MCM5 positive cells in each of the domains at 7 dpci, and we found that 30% of cells in the embCMHCpositive domain were also expressing MCM5 (Fig. 7A, B and E) . This fraction of proliferating cells was three-fold higher than in the remaining embCMHC-negative myocardium (Fig. 7E) . Thus, upregulation of the embryonic cardiac gene is associated with a more rapid cellular proliferation at the onset of heart regeneration. Nevertheless, the low proportion (10%) of proliferating cells in the embCMHCnegative myocardium suggests that the activation of the embryonic program is not a prerequisite for the cell cycle entry.
To further verify this conclusion, we scored proliferating cells of regenerating ventricles at 17 dpci ( Fig. 7C and D) . During the advanced phase of regeneration, most of the hearts (4 hearts out of 6) displayed a markedly reduced embCMHC expression, and in these ventricles the difference of the proliferating cells between embCMHC-positive and -negative myocardium was not significant (Fig. 7F) . We concluded that although the reactivation of the embryonic program facilitates the cell-cycle re-entry, it is not a prerequisite for the cell cycle entry. The mature CMs of the intact myocardium also possess the proliferative capacity that is stimulated during heart regeneration.
Discussion
A hallmark of cardiac regeneration in zebrafish is the capacity of endogenous CMs to proliferate upon injury. However, wrong associations between G1/S-phase detection and mitotic events often lead to incorrect estimation of CMs division activity (Engel, 2005; Zebrowski and Engel, 2013) . In this study, we provide a quantitative analysis of both, DNA-replicating and mitotic cells after cryoinjury of the same specimens. The detection of Ser10-phosphorylated histone H3 (PH3) clearly demonstrated that mitosis is a very rare event, and multiple specimens need to be scored to obtain statistically significant data. Among approximately 150,000 CMs analyzed in uninjured hearts and at 7, 17 and 30 dpci, only 15, 54, 39 and 15 mitotic cardiac nuclei could be identified, respectively (Table 1) . These values were 60 to 250-times lower than the frequency of the CMs in the G1/S-phase detected by MCM5 expression. The ratio of PH3-positive CMs among all proliferating (PH3-plus MCM5-positive) CMs revealed an unexpected difference in the cycling characteristics between uninjured and regenerating hearts. In comparison to uninjured hearts, this ratio was reduced by 2-to 3-folds at different time points after cryoinjury, indicating that the regenerative response is characterized by a lower rate of mitosis relative to the initiated cell-cycle entry. A plausible explanation for this result is that myocardial infarction massively stimulates CMs to enter the cell cycle, but some of these activated cells fail to efficiently progress into the mitotic phase. This suggests that some intrinsic factors could inhibit the transition to the M-phase under the pathological conditions. Studies of mammalian CMs demonstrated that the cell-cycle entry can have different outcomes namely polyploidization, binucleation or cell division (Ahuja et al., 2007; Zebrowski and Engel, 2013) . Although it is assumed that the cell division is the major response of zebrafish CMs to achieve complete heart regeneration, our study indicates that the polyploidization could partially be a proliferative endpoint of the cycling CMs. The Jopling et al., 2010; Kikuchi et al., 2010) . In this study, we applied two strategies for elucidating the mode of heart regeneration in zebrafish. In the first step, cardiac proliferation/mitotic events were mapped with respect to the injury border in order to discriminate between epimorphic/local and compensatory/global activation of the ventricle at different phases of heart restoration. Then, we defined the differentiation level of the proliferative CMs based on the expression of the embryonic myosin heavy chain isoform. Epimorphic regeneration involves the formation of a pool of undifferentiated cells underneath the wound healing tissue. Accordingly, we identified a creation of undifferentiated cardiac cells at the interface between the post-infarcted tissue and the intact myocardium. These cells reactivated the expression of sarcomeric protein, called embryonic myosin heavy chain (embCMHC), which is normally expressed in the ventricle during embryogenesis. This myosin isoform may permit the modification of the sarcomere structure providing a higher cellular plasticity that is needed for proliferation, migration and morphogenesis (Maggs et al., 2000) . It is interesting to note that the cluster of embCMHC-expressing cells was confined to the distance of 100 μm from the injury site, which corresponds to the similar spatial domain that was reported for mesenchymal dedifferentiation during epimorphic fin regeneration (Akimenko et al., 2003; Poss et al., 2003; Santamaria et al., 1996) . This correlation strongly suggests the existence of similar mechanisms and factors in both the fin and the heart, which spread from the injury site to promote cellular dedifferentiation of the abutting stump tissues.
Like in vertebrate appendage regeneration, the population of undifferentiated CMs was established at the initial phase of regeneration immediately after wound healing, which in the zebrafish heart corresponds to 4-10 dpci. While regeneration was progressing, the expression of embCMHC started to disperse and decline, and it almost disappeared at the termination phase at 30 dpci. The group of undifferentiated CM domains can be considered as a cardiac blastema according to their features, such as the reactivation of the embryonic tissue-specific gene, higher proliferative index, the localization at the edge of the injury, the association with the wound tissue and functional integration with the original tissue. Like in the classical epimorphic regeneration, the damaged structure is nearly perfectly reproduced, and after the completion of regeneration, the border between the original and new myocardium cannot be distinguished by means of the histological or immunohistochemistry methods. The presence of the cardiac blastema and the accuracy of tissue replacement support a model of heart regeneration in which the initiation of cardiac regeneration predominantly has an epimorphic character (Fig. 8) .
Although the expression of embCMHC was restricted to the highly proliferative blastema, enhanced cell proliferation was detected throughout the entire intact myocardium beyond the 100-200 μm zone from the fibrotic tissue-myocardium border. The graphical map of all individual mitotic CMs displayed differences and similarities between the initial and progressive phases of heart regeneration. The major difference was that at 7 dpci, 70% of PH3-positive CMs were located in the proximity of the injury zone up to 200 μm, as opposed to 17 dpci, where mitotic CMs were uniformly distributed in the whole ventricle. Thus, the peak of blastema cell proliferation can be detected only during the initiation phase. Despite this variation, we also observed similarities between the early and late regeneration phases, mainly concerning the activation of the intact myocardium. At both time points, PH3-positive CMs were evenly distributed in the organ-wide range, suggesting an absence of a mitogenic gradient from the wound tissue across the remote remaining myocardium. This even distribution of PH3-positive cells argues for a systemic mechanism that triggers proliferation in the entire myocardium. The current work did not test what is the physiological significance of the global proliferative response. The role of the compensatory mode of regeneration has to be addressed in the future. In our previous study, electrocardiogram analyses have demonstrated that the local cryoinjury affects the contractile heart function (Chablais et al., 2011) . The compensatory response may represent a suitable strategy to cope with the physiological defect of the life essential organ while conceding time to the local epimorphic regenerative process. The compensatory regeneration typically involves hyperplasia, which is independent of the reactivation of embryonic structural proteins. This mode of regeneration confirms the notion that dedifferentiation is not a prerequisite for cell cycle re-entry (Engel, 2005; Zebrowski and Engel, 2013) . Thus, we can propose a model, in which cryoinjury initially triggers a local epimorphic regenerative response, which is reinforced by a compensatory regeneration within the entire remaining organ (Fig. 8) . Further studies are required to investigate whether the stress of injury could in addition stimulate cardiac hypertrophy, which would provide a valuable model for regenerative medicine. In this study, we focused on the basic principles of heart regeneration in zebrafish, without addressing the nature of the inductive mechanisms. Our main goals were to provide a comprehensive statistical analysis of proliferating CMs and to map these cells with respect to the injury, in order to understand the source of the mitogens in the myocardium. One of them must be in the post-infarcted tissue, in particular during the initial phase of regeneration. The identification of cardiac mitogens remains one of the big challenges in the field. Previous studies have suggested that several signaling molecules such as TGF-β, FGF or retinoic acid act mostly at the short-range level to stimulate CMs proliferation, although their global activity in the intact myocardium is not ruled out (Chablais and Jazwinska, 2012b; Kikuchi et al., 2011; Lepilina et al., 2006) . In addition to the classical signaling pathways, it must be addressed whether mechanical, hormonal and cytokine stimuli are involved in the regulation of the compensatory response. In conclusion, we have demonstrated a diversity of the regenerative mechanisms in the zebrafish heart that requires further considerations in the future analysis.
Materials and methods
Animal procedures
The present work was performed with adult fish at the age of 9-18 months. Wild type fish were AB (Oregon), transgenic fish were cmlc2::DsRed2-Nuc (Rottbauer et al., 2002) and cmlc2::EGFP zebrafish strains (Burns et al., 2005) . Cryoinjuries were performed as described previously (Chablais and Jazwinska, 2012a; Chablais et al., 2011) . Ventricular resections were done as described previously (Poss et al., 2002) . For bromodeoxyuridine (BrdU) incorporation experiments, the animals were maintained in 5 mg/ml BrdU (B5002, Sigma-Aldrich) for 21 days, the fish were daily fed, and the solution was changed every second day. The experimental research on animals was approved by the cantonal veterinary office of Fribourg.
Immunohistochemistry
At the end of each experiment, the hearts were collected and fixed overnight at 4 1C in 2% paraformaldehyde. They were then rinsed in PBS and equilibrated in 30% sucrose before embedding The initial phase of heart regeneration involves a formation of a cardiac blastema at the wound site, which is a hallmark of epimorphic regeneration. These undifferentiated proliferating CMs are, from one side, attached to the ECM network of the fibrotic tissue, and from the other side, they form tight-junction connections with the mature CMs. In parallel, the mature myocardium activates compensatory cell proliferation at the organ level. (C) As regeneration progresses, the fibrotic tissue is progressively replaced with a new cardiac tissue. Cardiac blastema cells differentiate and become integrated with the mature myocardium. Compensatory proliferative response of the entire ventricle continues to reinforce the initial epimorphic cardiac regeneration.
in Tissue-Tek OCT compound (Sakura Finetek Europe B.V.) and cryosectioned at a thickness of 16 μm.
The immunohistochemistry procedures were performed as described previously (Chablais et al. 2011) . The following primary antibodies were used: mouse anti-tropomyosin at 1:100 (developed by J. JungChin Lin and obtained from Developmental Studies Hybridoma Bank, CH1), rabbit anti-MCM5 at 1:5000 (provided by Soojin Ryu), chicken anti-GFP at 1:2000 (Aves Labs, GFP-1010), mouse anti-p-Histone 3 at 1:200 (Clone 3H10, Millipore), rabbit anti-tubulin gamma at 1:2000 (Abcam, ab11321), rabbit anti-DsRed (Clonetech, 632496) at 1:200, mouse anti-N2.261 (developed by H.M. Blau, obtained from Developmental Studies Hybridoma Bank) at 1:50 and rat anti-BrdU at 1:100 (Abcam, ab6326). For the BrdU immunostaining, the slides were incubated in 2N HCl in PBS with 0.3% Triton during 45 min before the immunohistochemistry procedure. The Alexa-Fluor-conjugated secondary antibodies (Jackson Immunoresearch) were used at 1:500, and DAPI was used at 1:2000.
Image analysis and quantification
After antibody staining, cardiac tissue imaging was performed at different magnifications (20 Â and 63 Â ) with confocal microscopes (Leica TCS-SP5 and Leica TCS-SPE-II). ImageJ software was used to perform the subsequent image analysis. To quantify the number of proliferating CMs, the images of cell-cycle markers (MCM5, PH3, BrdU) were overlapped with the images of CM markers (cmlc2::EGFP immunostained with anti-GFP antibody; cmlc2::DsRed2-nuc immunostained with anti-DsRed antibody). The total number of proliferating cells was obtained by overlapping the fluorescent signals of the cell-cycle markers with DAPI. Results for the non-CM populations were obtained by subtracting the data acquired for CMs from the ones acquired for the total cell number. The cells positive for MCM5, PH3 or BrdU were quantified in several subsequent sections (from 4 to 10 sections of cryoinjured hearts, and from 6 to 16 sections of the uninjured heart) and pulled together to obtain the total number of specific cells per heart. The cryoinjured area was calculated as a percentage of the entire area of the ventricular sections. The relative localization of PH3-positive CMs was obtained by measuring the shortest distance between each of the cells and the CI border. The relative localization of BrdU-positive CMs was determined in the myocardial zones at the step-size distance of 100 μm from the CI border.
In order to obtain a representative data for each of the hearts, we imaged and analyzed several nonadjacent sections with a space of at least 80 μm between them. Because the mitotic events were very rare in the uncut heart, we had to analyse nearly all the heart sections in order to determine the number of PH3-positive cells.
To enhance the visibility of the blue fluorescent color on the final figures, we modified the color profile with Adobe Photoshop using CMYK conversion.
